Background: Patient's conebeam computer tomography (CBCT) images have suggested a possibility for adaptive radiotherapy although the dose delivery is of structural complexity. It is of practical importance to verify and test the intensity-modulated radiation (IMRT) planning system for radiation therapy. Objective: Verify accuracy of dose calculations based on CBCT imaging. Materials and methods: Electron density calibration curve was generated for planning CT and CBCT data set using two CT phantoms (Gammex RMI® and Catphan® 600). Anthropomorphic head and neck phantom images were acquired from planning CT and CBCT. The routine IMRT technique was generated on the planning CT, which was applied to the CBCT. Dose distributions were computed. All LiF TLD-100 dosimeters were calibrated with gamma-ray. Forty-eight TLD measuring points were chosen in five different slices of the phantom. Measurements were repeated four times, and the average dose was compared to the reading doses on both CT and CBCT plans. Dose volume histograms (DVH) of various structures were generated, and dose statistics were analyzed. Results: Hounsfield unit obtained from Catphan phantom was similar between planning CT and CBCT. IMRT dose calculations based on the planning CT and CBCT agreed well with reading doses at 48 points. Statistical point doses by DVH calculation on CBCT were about 3% lower than those by the conventional CT. Dose ratios calculated over measured ones ranged from 0.82 to 1.09. Conclusion: Point doses and DVH calculations based on the planning CT and on-board CBCT were in acceptable agreement. CT phantom specifically designed for CBCT is recommended to improve accuracy of IMRT dose calculation on CBCT images.
Conebeam CT (CBCT) upon flat-panel technology integrated with a medical linear accelerator has recently become a powerful tool for radiotherapy guidance. Based on the patient anatomy of the treatment day, the kilovoltage volumetric images can be used to verify and correct the set-up error by comparing with the patient or target position, which defined in the treatment plan [1] [2] [3] [4] [5] . However, the CBCT images provide not only spatial changes of the target position but also regression of the treated macroscopic tumors in conventionally fractionated radiation therapy [6, 7] .
One of the approaches to detect changes in target volume is to obtain daily or weekly patient's CBCT images [8] [9] [10] [11] [12] . These CBCT images have suggested a possibility for adaptive radiotherapy although dose delivery is of structural complexity. It is of practical importance to test and verify the intensity modulated radiation (IMRT) planning system for the radiotherapy.
In this study, we investigated accuracy of IMRT dose calculations based on the conventional CT and on-board CBCT images in a humanoid phantom. We verified those IMRT dose calculations from the measurements using TLD-100 as dosimeters.
Materials and methods
The Clinac 23 EX linear accelerator was equipped with an on-board imager with radiographic, fluoroscopic, and CBCT capabilities at Siriraj Hospital. For CBCT image acquisition, two modes were available. In full-fan, the field-of-view was a circle of 24-cm diameter and 15-cm length for small anatomic sites (head and neck and brain), while it was a circle of 45-cm diameter with a 14-cm length viewed in two half-fan projection for larger sites (pelvis, chest, and abdomen).
We acquired all CBCT images of humanoid phantom at 3-mm slice thickness in full-fan mode and with bowtie filter [13] [14] [15] . We performed the X-ray acquisition at 120 kVp, 20 mA, and 25 milliseconds. For planning CT, we obtained images using Philips Bigbore-16 CT simulator.
All planning CT and CBCT images were imported into a treatment planning system (Eclipse version 8.6). The routine IMRT technique (seven-field, nasopharynx, sliding window) was generated on the planning CT images. Dose distribution was computed using AAA algorithm with inhomogeneity correction. To calculate accurate dose based on CBCT images, we commissioned CT electron density calibration using two CT phantoms, these were Catphan ® 600 with seven different tissue substitute materials (air, polymethylpentene (PMP), low density polyethylene (LDPE), polystyrene, acrylic, Delrin, and Teflon ) and Gammex RMI ® with twelve tissue equivalent insert materials (brain, bone, liver, etc).
We generated dose distribution on the CBCT data set. We used the same verification plan and monitor units as on the conventional CT-based plan. Using TLD-100 dosimeters, we selected 48 measuring points at various anatomic sites in five different slices of head and neck phantom. All TLDs-100 (1x1x6 mm, rod shaped) were calibrated with gamma-ray. No energy correction was applied [17] . Phantoms were irradiated from 6-MV photon.
Experiments were repeated four times, averaging dose measured at each point. We compared the average with that calculated using AAA algorithm in Eclipse TPS on the planning CT and CBCT-based plans. Dose volume histogram (DVH) was compared between the two plans of the GTV, CTV 60, CTV 70, PTV 60, and PTV 70 including brainstem and parotid glands.
Results
Figure 1 shows dose distributions from the same IMRT plan. The same monitor units from the same verification IMRT plan were used to calculate dose distributions using the inhomogeneity correction AAA algorithm in Eclipse TPS. 
Accuracy of IMRT dose calculations
Using TLD-100 dosimeters to evaluate dose in 48 locations of the phantom, we obtained accurate and reliable measurements. We found that at the point of isocenter, the average measured dose was deviated by 1.2% on the conventional CT and 2.0% on the CBCT-based plan, respectively, from the dose calculated using the inhomogeneity correction AAA algorithm in Eclipse TPS. All TPS calculated doses were verified for their accuracy with the averaged TLD measured doses. Figure 2 shows the dose ratios on the planning CT and CBCT-based plan. We note that on all dose points, range of the dose ratios (calculated over the measured dose) was presented to be from 0.82 to 1.09. Figure 3 compares the DVHs between the planning-CT and CBCT-based plans of GTV, CTV60, CTV70, PTV60 and PTV70 as well as the DVHs of brain stem, right and left parotids. D95 (dose to 95% of the volume), D80, D50, D30, D10 as well as the dose statistics were used for all the DVHs analysis.
Table1 shows dose difference on CBCT DVHs, compared to the planning CT DVHs. We note that dose discrepancy between two plans was seen within +5%. These were approximately 3% lower compared with the conventional CT. 
Discussion
One important step to obtain the accurate dose distribution of CBCT is to require Hounsfield unit numbers (HU) conversion to electron density for CBCT scan. The two main approaches are mapping the HU numbers from conventional CT to CBCT and modifying the CBCT HU numbers to account for the effect of scatter [16, [19] [20] [21] [22] [23] [24] [25] [26] . Recently, Depuydt et al. [22] investigated conventional CT phantoms for the effect of calibration insert materials and phantom volumes for the CBCT images. They showed significant HU and dosimetric differences using a calibration phantom with different volumes and insert materials. In this study, we used Catphan ® 600 (20 cm in diameter and length) and Gammex RMI ® (33 cm in diameter and 5 cm long) as conventional-CT phantoms. To compensate for the scatter effect, we performed our CBCT images of the Gammex RMI ® using collimator length at 5 cm and 9 cm for the Catphan ® 600 in full fan mode. The present results showed a different response at higher electron densities between Catphan and Gammex RMI. This agreed with the study by Hatton et al. [24] . They reported that the larger volume on Catphan better accounted for scatter effect on the patient than the Gammex RMI phantom, but different compositions of the insert material could lead to significant dose calculation inaccuracy.
In the present study, 200 to 500 HU was different on the Gammex RMI as well, which had no effect on CBCT dose calculation. Most of the calculation points on both CT plans demonstrated the excellent dose agreement. Only a few points in the CBCT plan detected dose deviation greater than +5% from the planning CT-based plan. DVH analysis for both CT plans also demonstrated as having similar results to previous studies [17, 27] . Dose differences at various volumes between two CT plans are within +5%, with an average dose on CBCT generally 3% less than with conventional CT-based plan.
In clinical situations, the AAA accuracy was investigated using the anthropomorphic phantom. On both CT plans, the IMRT calculated doses, compared to the measured dose, are often underestimated notably. In fact, Esch et al. [27] studied AAA heterogeneity correction at the small field (3x3 cm 2 ) with 6 MV photon, and observed underdosage up to 5% for lung tissue in the thorax phantom. In this study, we performed our smallest field using for AAA commissioning at 3x3 cm 2 . Since sliding window is our routine IMRT technique, the complex intensity is usually obtained from many off-axes, small and elongated subfields. Finding of the underestimation of calculated dose possibly came from two sources. One is the inaccuracy of heterogeneity correction of AAA algorithm, and another is the smallest field dosimetry at 3x3 cm 2 . This small field may not be adequate to predict dose accurately in the sliding window IMRT plans.
In conclusion, directly use CBCT for nasopharynx IMRT dose calculation can be performed within +3-5% of dose accuracy. Using CT phantom specifically designed for CBCT scan is also recommended to improve dose calculation accuracy on CBCT dataset.
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